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The general Poincare´ gauge cosmology given by a nine-parameter gravitational Lagrangian with
ghost- and tachyon-free conditions is studied from the perspective of field theory. By introducing new
variables for replacing two (pseudo-) scalar torsions, the Poincare´ gauge cosmological system can be
recast into a gravitational system coupled to two-scalar fields with a potential up to quartic-order. We
discussed the possibility of this system producing two types of inflation without any extra inflatons.
The hybrid inflation with a first-order phase transition can be ruled out, while the slow rollover can be
achieved. The numerical analysis shows that the two-scalar fields system evolved in a potential well
processes spontaneously four stages: “pre-inflation”, slow-roll inflation with large enough e-folds,
“pre-reheating” and reheating. We also studied the stableness of this system by setting large values
of initial kinetic energies. The results show that even if the system evolves past the highest point
of the potential well, the scalar fields can still return to the potential well and cause inflation. The
general Poincare´ gauge cosmology provides us with a self-consistent candidate of inflation.
I. INTRODUCTION
The standard model (SM) framework of cosmology
based on Einstein’s general relativity (GR) is quite suc-
cessful in describing the evolution of the Universe on
large enough scales [1]. The SM infers that the Universe
experienced a significant accelerated expansion in the
very early period, which is called the inflation. By intro-
ducing the inflation, problems such as the horizon, the
flatness, the origin of perturbations, and the monopoles,
that have plagued cosmologists before 1980s, can be
solved naturally [2]. After years of development, some
inflationary models, such as the standard single-field
(inflaton) and Starobinsky’s inflation, can match the cur-
rent observations in very high precision [3, 4]. Unfortu-
nately, those models lack a more essential mechanism
for the origin of the inflaton(s), namely the source(s)
of inflation. The classical theory of inflation requires
the Universe to experience an exponentially accelerated
expansion from about 10−36s to 10−32s in the cosmic
chronology [5]. This expansion drove the spatial cur-
vature of the Universe towards extreme flatness, and
established the causal correlations on the uniformity of
the cosmic microwave background (CMB), and gener-
ated the seeds of large-scale structure [6]. At the end
of this stage, the expansion decelerated spontaneously
and the Universe exited from the adiabatic process. The
subsequent reheating led to various particles to be gen-
erated [7, 8]. According to the way of exiting the expan-
sion, the inflationary models can be classified into the
slow rollover and the first-order phase transition [9]. In
addition, an effective correction from the loop quantum
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cosmology (LQC) enables to push the beginning of the
whole process back to the Planck scale, where the big
bang singularity have been replaced by the big bounce
[10, 11]. The mechanism of inflation from big bounce to
reheating is clear phenomenologically.
As a single-field model, Starobinsky’s inflation given
by a Lagrangian R˜ + R˜2/6M2 plus some small non-
local terms (which are crucial for reheating after infla-
tion) is an internally self-consistent cosmological model,
which possess a (quasi-)de Sitter stage in the early Uni-
verse with slow-roll decay, and a graceful exit to the
subsequent radiation-dominated Friedmann-Lemaıˆtre-
Robertson-Walker (FLRW) stage [12–14]. This is one of
the most appealing from both theoretical and observa-
tional perspectives among different models of inflation
[15].
Besides adding directly higher order curvature in-
variants or scalar fields to the Einstein-Hilbert (EH) ac-
tion, another more fundamental way to generalize GR
from the geometric and gauge perspectives has been
introduced systematically since 1970’s [16, 17], which
is called the Poincare´ gauge gravity (PGG). As the
maximum group of Minkowski spacetime isometrics,
Poincare´ group possesses both translations and rota-
tions, which totally has 10 degree of freedom. If con-
structing a gauge field theory based on the local in-
variance of the Poincare´ group, the gravity will be rep-
resented by two independent gauge fields: tetrads e
and spin-connections ω, corresponding to the transla-
tions and rotations, respectively. Analogous to the Yang-
Mills theory, one can verify that torsion T and curva-
ture R are just their gauge field strengths. Accord-
ing to the Noether’s theorems, the symmetries of trans-
lation and rotation lead to two conservation objects:
energy-momentum and spin spin-angular momentum.
Further more, the energy-momentum can be connected
through Einstein’s equation with curvature, and the
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2spin-angular momentum with torsion through Cartan’s
equation, which mean that the sources of spacetime cur-
vature and torsion are energy-momentum and spin of
matter, respectively. The above are fundamental ideas of
PGG, which follows the schemes of standard Yang-Mills
theory. From the geometrical perspective, the spacetime
extends from Riemann’s to Riemann-Cartan’s, where
curvature measures the difference of a vector after par-
allel transporting along a infinitesimal loop, and torsion
for the failure of closure of the parallelogram made of
the infinitesimal displacement. In order to show the
extension of PGG to GR, we plot the following dia-
gram:
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General speaking, the crucial different between PGG
and GR-based theories, such as f(R) gravity, is that the
former removed the restriction of torsion-free. How-
ever, the direct generalization from the EH action will be
back to Einstein’s theory, when the spin tensor of matter
vanishes because of the algebraic Cartan equation, i.e.
torsion can not propagate. This reminds us that in or-
der to obtain the propagating torsion in the vacuum, the
action should be also generalized. The standard PGG
Lagrangian has a quadratic field strength form [18]:
LG ∼ Λ + curvature+ torsion2 + 1
%
curvature2, (1)
where Λ is the cosmological constant, and % the param-
eter with certain dimension. The additional quadratic
terms are naturally at most second derivative if one re-
gards tetrads and spin-connections as the fundamental
variables. It is likely that such terms introduce ghost de-
grees of freedom, when one considers the particle sub-
stance of the gravity. That would be something trou-
blesome even for a simple modified gravity theory. The
existence of the ghost is closely related to the fact that
the modified equation of motion has orders of time-
derivative higher than two, for example, scale factor a
will be fourth-order over time in the general quadratic
curvature case in FLRW cosmology. Due to Ostrograd-
sky’s theorem [19], a system is not (kinematically) sta-
ble if it is described by a non-degenerate higher time-
derivative Lagrangian. To avoid the ghosts, a bunch of
scalar-tensor theories of gravity was introduced, such as
the Horndeski theory and beyond [20, 21]. Another way
to evade Ostrogradsky’s theorem is to break Lorentz in-
variance in the ultraviolet and include only high-order
spatial derivative terms in the Lagrangian, while still
keeping the time derivative terms to the second order.
This is exactly what Horˇava did recently [22, 23]. In
addition, another recipe to treat the ghosts is not re-
moving them from the action, while focusing on the
higher-order instability in the equations of motion [24].
For the general second-order Lagrangian with propa-
gating torsion, a systematical way to remove the ghosts
and tachyons was introduced in [25, 26] using spin pro-
jection operators. The gauge fields (e, ω) can be de-
composed irreducibly by su(2) group into different spin
modes by means of the weak-field approximation. In
addition to the graviton, three classes spin-0±, 1±, 2±
modes of torsion were introduced. [26] studied the gen-
eral quadratic Lagrangian with nine-parameter and ob-
tained the conditions on the parameters for not hav-
ing ghosts and tachyons at the massive and massless
sectors, respectively. In this work, to develop a good
cosmology based on PGG, we will adopt their nine-
parameter Lagrangian with ghost- and tachyons-free
conditions on parameters. The Hamiltonian analysis of
PGG for different modes can be found in [27, 28], which
tell us that the only safe modes of torsion are spin-0±,
corresponding to the scalar and pseudo-scalar compo-
nents of torsion, respectively.
It’s natural to apply the corresponding Poincare´
gague cosmology (PGC) on understanding the evolu-
tion of the Universe. The last decade, a series of work
[29–39] (from both analytical and numerical approach)
proved that it is possible to reproduce the late-time ac-
celeration in PGC without “dark energy”. In Ref. [40],
the authors discussed the early-time behaviors of the ex-
panding solution of PGC with a scalar field (inflaton),
while in Ref. [41], a power-law inflation was studied in
a R+R2 model of PGC without inflaton.
The current work is a continuation of our previous
one: Late-time acceleration and inflation in a Poincare´ gauge
cosmological model [42]. In our previous work, we pro-
posed several fundamental assumptions to define the
PGC on FLRW level. Then we studied the general nine-
3parameter PGC Lagrangian with ghost- and tachyon-
free constraints on parameters. With specific choice
of parameters, we obtained two Friedmann-like ana-
lytical solutions by varying the Lagrangian, where the
scalar torsion h-determined solution is consistent with
the Starobinsky cosmology in the early time and the f -
determined solution contains naturally a constant geo-
metric “dark energy” density, which cover the ΛCDM
model in the late-time. We further constrained the
magnitudes of parameters using the latest observations.
However, we left a problem unsolved that two solutions
are mutually exclusive even they are derived from a
same Lagrangian. The reason comes probably from that
the restraint on B1 (vanishing) is too strong, so that the
high-order terms of f are removed. Therefore, in cur-
rent work, we will investigate the general case at least
ghost-free, and use the new results for leading to the
slow-roll inflation without any extra fields. This series
of work aims to build self-consistent cosmology to solve
the problem of SM in describing the evolution of the
Universe, where “self-consistent” means without extra
hypothesis of inflaton and “dark energy”.
This paper is organized as follows. In Sec. II, we start
from the nine-parameter Lagrangian with the ghost-
and tachyon-free conditions on parameters. Then re-
placing the scalar and pseudo-scalar torsion by two new
variables, we rewrite the cosmological equations ob-
tained in [42] into new forms. In Sec. III, we discuss
the possibility of the hybrid inflation with a first-order
phase transition generated in this gravitational system.
In Sec. IV, we study the slow-roll inflation of this sys-
tem. We conclude and discuss our work in Sec. V.
To learn more about what the current work based on,
please see [42] and references therein.
II. COSMOLOGICAL EQUATIONS
We consider the nine-parameter gravitational La-
grangian LG, which reads:
I =
∫
d4x
√
|g|[ 1
2κ
LG + LM
]
,
LG =αR+ LT + LR,
LT ≡a1TµνρTµνρ + a2TµνρT νµρ + a3TµTµ,
LR ≡b1RµνρσRµνρσ + b2RµνρσRρσµν + b3RµνRµν
+ b4RµνR
νµ + b5RµνρσR
µρνσ, (2)
where κ ≡ 8piG = 8pim−2PI with mPI the Planck mass,
and α, a1 ∼ a3 are freely dimensionless Lagrangian pa-
rameters, while b1 ∼ b5 are free Lagrangian parameters
with dimension m−2PI . The R
2 term need not be included
due to the use of the Chern-Gauss-Bonnet theorem [43]:∫
d4x
√
|g|(RµνρσRµνρσ − 4RµνRµν +R2) = 0, (3)
for spacetime topologically equivalent to flat space.
For the pair of gauge field (e, ω) as the dynamical vari-
ables, the field equations are up to 2nd-order. How-
ever, the gauge fields (e, ω) can be decomposed irre-
ducibly by su(2) group into different spin modes by
means of the weak-field approximation. In addition to
the graviton, three classes spin-0±, 1±, 2± modes of tor-
sion were introduced. It is obvious that in such a gen-
eral quadratic, the ghosts and tachyons are inevitable for
certain modes. Fortunately, the authors studied this La-
grangian in [26] using the spin projection operators and
obtained the conditions on parameters for not having
ghosts and tachyons at the massive and massless sec-
tors, respectively.
According to [26], we summarize the ghost- and
tachyon-free conditions on parameters for action (2) in
TABLE I:
TABLE I. The ghost- and tachyon-free conditions on parame-
ters for six spin modes, respectively.
spin modes conditions on parameters
2−
4b1 + b5 < 0
α+ 2a1 + a2 < 0
1−
4b1 + 2b3 + b5 < 0
(α+ 2a1 + a2)(2a1 + a2 + a3)·
(−2α+ 2a1 + a2 + 3a3) < 0
0−
−2b1 + b5 > 0
α− 4a1 + 4a2 > 0
2+
4b1 + 4b2 + b3 + b4 + 2b5 > 0
α(2a1 + a2)(α+ 2a1 + a2) < 0
1+
−4b1 + 4b2 − b3 + b4 < 0
(2a1 − a2)(−α+ 4a1 − 4a2)(α+ 2a1 + a2) > 0
0+
b1 + b2 + b3 + b4 + b5/2 > 0
α(2a1 + a2 + 3a3)(−2α+ 2a1 + a2 + 3a3) > 0
For the massless sector, the ghost-free condition is
just: α > 0.
We will still focus on the FLRW cosmology, where the
spatial curvature free metric and non-vanishing compo-
nents of torsion are, respectively
ds2 = −dt2 + a2dx2, (4)
Tij0 = a
2hδij , Tijk = a
3fijk, i, j, k = 1, 2, 3. (5)
Where a, h, f are scale factor, scalar torsion, and pseudo-
scalar torsion respectively, and are functions of cosmic
time t. The general cosmological equations correspond-
ing to the action (2), on the background can be found in
our former work [42], which are cumbersome and the
physical meaning lost. While, we noticed that the equa-
tions (23) and (24) in [42] can be regarded as the dynamic
evolutions of scalar torsion h and pseudo-scalar torsion
f , and they are second-order of h and f , respectively.
We would like to recast them into the Klein-Gordon-like
form by introducing the following new variables:
h 7→ φh = a(h−H),
f 7→ φf = af, (6)
4(the scale factors a in transformations are for absorb-
ing the Hubble rate H would occur in the potential to
avoid tricky recursions) then, the cosmological equa-
tions (14)∼(17) in [42] can be rewritten as:
H2 =
1
3
κρ+
1
3
κρφ, (7)
2H˙ + 3H2 = −κp− κpφ, (8)
ρ˙φ = −3H(ρφ + pφ), (9)
κρφ =
1
2
12B0
a2
φ˙h
2 − 1
2
12B1
a2
φ˙f
2
+ V (φh, φf )− 3A1 − 2
2
H2, (10)
12B0
a
φ¨h +
12B0
a
Hφ˙h + 12(2B0 − 2B1 −B2)φf
a2
φ˙f + a
∂V (φh, φf )
∂φh
+ 3(A1 − 2α)H = 0, (11)
−12B1
a
φ¨f − 12B1
a
Hφ˙f − 12(2B0 − 2B1 −B2)φf
a2
φ˙h + a
∂V (φh, φf )
∂φf
= 0, (12)
V (φh, φf ) = 3
A1 − 2α
2
φ2h
a2
− 3(4A0 − α)
φ2f
a2
− 6B0
a4
(φ4f − 2
B0 + 2B1
B0
φ2fφ
2
h + φ
4
h), (13)
where the combinations of parameters are (correspond-
ing to (25) in [42]):
A0 ≡ a1 − a2, A1 ≡ 2a1 + a2 + 3a3,
B0 ≡ b1 + b2 + b3 + b4 + 1
2
b5,
B1 ≡ b1 − 1
2
b5, B2 ≡ 4b2 + b3 + b4 + b5. (14)
The degeneracy among these Lagrangian parameters on
background makes the inequalities can not be solved
completely. However, it is obvious that ghost- and
tachyon-free spin-0± “particles” require:
B0 > 0, B1 < 0, α− 4A0 > 0, αA1(A1 −α) > 0. (15)
Now, the physical picture is quite clear, that the nine-
parameter PGC system is equivalent to a gravitational
system coupled two-scalar fields (φh, φf ), with a poten-
tial up to quartic-order, V (φh, φf ). (11) and (12) are the
equations of motion for φh and φf , respectively. They
look very symmetrical except the last term in (11). IfB0,
B1 and (2B0 − 2B1 − B2) don’t vanish, |(2B0 − 2B1 −
B2)φf/a| represents the strength of interaction between
two scalar fields. We conclude that B0 and B1 must
have the opposite sign so that the interaction terms in
the equations of motion have opposite sign too. The dif-
ferent between A1 and α measures the weight of φ2h in
the potential V (φh, φf ), and analogously, A0 and α for
φ2f . It will be convenient to overlook the 1/a factor in
front of field φh or φf because of the inverse factor oc-
curred in (6). The ghost- and tachyon-free conditions
for spin-0± ensure that the kinetic energy terms are pos-
itive in (10), as well as a potential well can be formed
from (13) when one require α > 0 and A1 > 0. In addi-
tion, we notice that when setting A1 = 0, the last term
in (10) will offset H2 in the left hand side of Friedmann
equation (7), which degrades the entire system into the
trivial situations as we studied in our former work [42].
If A1 6= 0, to remove the possible recursion in (10), we
should set exactly A1 = 2.
The above system is general because we didn’t set any
additional assumptions on the parameters yet except the
ghost- and tachyon-free conditions (15). In the rest of
this work, we will focus on the inflationary period of
this system, thus the energy densities ρ and pressures
p of the matters (with equation of state parameters, i.e.
EOS: w = 0, 1/3) will be neglected. According to the
choosing of parameters, the potential (13) can be classi-
fied into several types of inflation.
III. HYBRID INFLATION WITH FIRST-ORDER PHASE
TRANSITION
We start from considering two types of hybrid infla-
tion by means of the features of two scalar fields,
Case I: (16)
VI(φh, φf ) = [12(B0 + 2B1)
φ2h
a2
− 3(4A0 − α)]
φ2f
a2
− 6B0
φ4f
a4
+ V effI (φh), (17)
V effI (φh) ≡ 3(1− α)
φ2h
a2
− 6B0φ
4
h
a4
, (18)
Case II: (19)
VII(φh, φf ) = [12(B0 + 2B1)
φ2f
a2
+ 3(1− α)]φ
2
h
a2
− 6B0φ
4
h
a4
+ V effII (φf ), (20)
V effII (φf ) ≡ −3(4A0 − α)
φ2f
a2
− 6B0
φ4f
a4
, (21)
5where we regard φh as the inflaton caused the slow-roll
inflationary phase, and φf as an auxiliary field which
can trigger a phase transition, occurring either before or
just after the breaking of slow-roll conditions in Case I,
and interchange the positions of φh and φf in Case II.
In the standard hybrid inflation, the curvature of po-
tential in the auxiliary direction should be much greater
than in the inflaton direction, so that the slow-roll in-
flation could happen when the auxiliary field rolled
down to its minimum value, whereas the inflaton could
remain large for a much longer time [9]. In Case I,
the effective mass squared of the field φf is equal to
2[12(B0 + 2B1)
φ2h
a2 − 3(4A0 − α)]. Therefore for φh >
φch ≡ a2
√
4A0−α
B0+2B1
, the only minimum of the potential is
at φf = 0. For this reason, we will consider the stage of
inflation at large φh with φf = 0. However, we notice
that in the potential, both φh and φf have the same or-
ders and the same coefficient −6B0 in the quartic term.
φh and φf are highly symmetrical, especially when A0
approximates to 1/4, so it’s difficult to distinguish them
from their speed of slow-rolling. Fortunately, the extra
term 6(1−α)H in the equation of motion of φh (11) may
help us to break the symmetry in potential. During the
inflation, the Hubble rate H is approximated as a con-
stant, so it can be absorbed into the potential, and the
effective potential of inflton φh in Case I can be modi-
fied as
V eff
′
I (φh) = 6(1−α)H
φh
a
+ 3(1−α)φ
2
h
a2
− 6B0φ
4
h
a4
. (22)
When φh falls down to the critical point φch, the phase
transition with another symmetry breaking occurs. To
fulfill the condition of the standard hybrid inflation with
small quartic term [44], we assume the 1st-order term
dominates the effective potential of φh in (22) at the mo-
ment of phase transition (also throughout the inflation),
i.e. (substituting φch into (22))
1− α
4
4A0 − α
B0 + 2B1
− B0
8
(
4A0 − α
B0 + 2B1
)2
 (1− α)H
√
4A0 − α
B0 + 2B1
, (23)
which requires that 4A0 − α  B0 + 2B1. Then, the
Hubble rate H can be estimated as:
H ∼= κ(1− α)
√
4A0 − α
B0 + 2B1
, (24)
which is a constant as we expected. However, it’s easy to
check that by substituting (24) into (23), the magnitudes
on both sides of “” are at the same order. This contra-
dicts our assumption of the hybrid inflation with small
quartic term, which means there is no a minimum effec-
tive potential with a non-zero vacuum energy. Theoret-
ically speaking, the approach to hybrid inflation with a
first-order phase transition failed for Case I. The same
conclusion can be get for Case II.
IV. SLOW-ROLL INFLATION AND NUMERICAL
ANALYSIS
According to our presupposition that B0 > 0, if the
coefficients of the quadratic terms in potential (13) are
positive with the same magnitude, and |B1| has the
same magnitude with B0, we can get a potential well
with a effective radius rφ .
√
A1−2α
4B0
. By choosing spe-
cial values of parameters, the slow-roll inflation can be
obtained in this potential well. In this scenario, the nu-
merical analysis is more clear and convincing than the
theoretical analysis.
The dimensions for parameters and quantities read:
α ∼ A0 ∼ A1 ∼ 1,
B0 ∼ B1 ∼ B2 ∼ m−2PI ,
t ∼ m−1PI ,
H ∼ φh ∼ φf ∼ mPI ,
φ˙h ∼ φ˙f ∼ m2PI . (25)
In the unit of mPI = 1, and by considering that a can be
rescaled, we set the initial data (labeled with “B”) as:
tB = 0, aB = 1,
φh(tB) = φf (tB) = 0,
φ˙h(tB) = φ˙f (tB) = 1. (26)
To investigate the effect of each parameter on this sys-
tem, we choose a set of fiducial values:
β ≡ 1− α = 0.99, A0 = −0.245,
B0 = 1, B1 = −1,
Bi ≡ 2B0 − 2B1 −B2 = 0, (27)
then vary a parameter and plot while keeping other pa-
rameters to maintain the fiducial value. FIG. 1, 3, 5, 7,
9 are the evolution curves of Hubble rate H for every
choice of parameter, while FIG. 2, 4, 6, 8, 10 for the EOS
of scalar fields wφ, where wφ ≡ pφ/ρφ.
These evolution curves show that the system starts
from a “pre-inflation” stage, then enters into the slow-
roll inflation, meanwhile the EOS changes from positive
to negative. After a nearly constant stage, the system
decay rapidly, which we call it “pre-reheating”. Then
the subsequent oscillation indicates that the system has
entered a stage of reheating. To match the current obser-
vations, the stage of inflation should last long enough,
which can be quantified by e-folds Ninf :
Ninf := ln
af
ai
, (28)
where ai is the scale factor at the moment ti of the in-
flationary onset, which is defined by the time when the
Universe begins to accelerate a¨(ti) = 0, i.e. a¨(t) first
changes its sign right after the bouncing phase [45]. The
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FIG. 1. Evolution of Hubble rate H over time. The large
dashed (blue), the solid (orange) and the small dashed (red)
lines correspond to β = 0.9, 0.99, 0.999, respectively. To com-
pare with the fiducial value, the smaller β makes the de-
cay advanced. The e-folds for three scenarios read Ninf =
18.2, 160.8, 33.1.
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FIG. 2. Evolution of EOS wφ over time. The large dashed
(blue), the solid (orange) and the small dashed (red) lines cor-
respond to β = 0.9, 0.99, 0.999, respectively. wφ < −1/3
during the whole inflationary stage, and wφ is approximately
equal to −1 in the deep inflationary stage. The inflation ends
when wφ = −1/3 again, then reheating starts. The e-folds for
three scenarios read Ninf = 18.2, 160.8, 33.1.
end of the inflation is defined by the time tf when the ac-
celerating expansion of the Universe stops, i.e. wφ(tf ) =
−1/3. The current observations require that Ninf > 60.
According to the numerical analysis, we summarize
the influences of every parameter comparing with the
fiducial value as following: 1) smaller β can lead to the
decay advanced; 2) A0 doesn’t influence the decay but
causes oscillation before inflation; 3) smaller B0 leads
to the curve overall left shift; 4) smaller |B1| makes wφ
before inflation; 5) the interaction between two-scalar
fields makes the decay advanced and leads to oscillation
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FIG. 3. Evolution of Hubble rate H over time. The large
dashed (blue), the solid (orange) and the small dashed (red)
lines correspond to A0 = −0.645,−0.245,−1.045, respec-
tively. We can see that this parameter has little effect on the
Hubble rate. The e-folds for three scenarios read Ninf =
151.7, 160.8, 151.1.
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FIG. 4. Evolution of EOS wφ over time. The large dashed
(blue), the solid (orange) and the small dashed (red) lines cor-
respond to A0 = −0.645,−0.245,−1.045, respectively. wφ <
−1/3 during the whole inflationary stage, and wφ is approx-
imately equal to −1 in the deep inflationary stage. The infla-
tion ends when wφ = −1/3 again, then reheating starts. The
smaller value of A0 don’t influence the decay and reheating
but leads to oscillation before inflation. The e-folds for three
scenarios read Ninf = 151.7, 160.8, 151.1.
on wφ before inflation.
The 3D phase diagram FIG. 11 visualizes the evolu-
tions of two-scalar fields φh and φf (over a) on the po-
tential well in the fiducial scenario. The system starts
from the on set point where we set the initial data (26),
where the non-trivial values are the kinetic energies of
two fields. Then the system is driven by the kinetic en-
ergies and climbs to the high level of the potential well,
and prepares for the slow-roll inflation. The slow-roll in-
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FIG. 5. Evolution of Hubble rate H over time. The large
dashed (blue), the solid (orange) and the small dashed (red)
lines correspond to B0 = 0.5, 1.0, 2.0, respectively. To com-
pare with the fiducial value, the smaller B0 makes the de-
cay advanced. The e-folds for three scenarios read Ninf =
139.2, 160.8, 82.2.
B0=0.5 B0=1. B0=2.
1 5 10 50 100 500 1000
-1.5
-1.0
-0.5
0.0
0.5
1.0
t
w
ϕ
FIG. 6. Evolution of EOS wφ over time. The large dashed
(blue), the solid (orange) and the small dashed (red) lines cor-
respond to B0 = 0.5, 1.0, 2.0, respectively. wφ < −1/3 during
the whole inflationary stage, and wφ is approximately equal
to −1 in the deep inflationary stage. The inflation ends when
wφ = −1/3 again, then reheating starts. To compare with the
fiducial value, the smallerB0 makes the curve overall left shift,
while right shift for larger B0. The e-folds for three scenarios
read Ninf = 139.2, 160.8, 82.2.
flation occurs on the wall of the potential well, where the
deep inflation happened after the inflection point, where
φf is approximate to 0, and φh is almost constant. At
last, the system decays and drops down from the wall of
the potential well, towards the on set point of the phase
space, then leads to the reheating.
It seems that if the initial kinetic energies are large
enough, the system may cross the highest point of the
potential well, causing it to collapse. To test the sta-
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FIG. 7. Evolution of Hubble rate H over time. The large
dashed (blue), the solid (orange) and the small dashed (red)
lines correspond to B1 = −0.1,−1.0,−1.5, respectively. To
compare with the fiducial value, the larger absolute value of
B1 makes the decay advanced. The e-folds for three scenarios
read Ninf = 157.2, 160.8, 55.6.
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FIG. 8. Evolution of EOS wφ over time. The large dashed
(blue), the solid (orange) and the small dashed (red) lines cor-
respond to B1 = −0.1,−1.0,−1.5, respectively. wφ < −1/3
during the whole inflationary stage, and wφ is approximately
equal to −1 in the deep inflationary stage. The inflation ends
whenwφ = −1/3 again, then reheating starts. The larger abso-
lute value of B1 makes the decay advanced, while the smaller
absolute value of B1 makes wφ sinking before inflation. The
e-folds for three scenarios read Ninf = 157.2, 160.8, 55.6.
bleness of this system, we keep the fiducial values of
parameters (27) unchanged, but increase the initial ki-
netic energies (speeds) of two-scalar fields. FIG. 12 is the
3D phase diagram of this case, where we set two pairs
of very large initial kinetic energies (speeds): φ˙h(tB) =
1000, φ˙f (tB) = 500 and φ˙h(tB) = 1000, φ˙f (tB) = −500.
Both trajectories can cross the highest point of the poten-
tial well, but can return to the potential well and cause
inflation anyway. Numerical analysis shows that the
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FIG. 9. Evolution of Hubble rate H over time. The large
dashed (blue), the solid (orange) and the small dashed (red)
lines correspond to Bi = −50, 0, 50, respectively. To compare
with the fiducial value, any interaction between two-scalar
fields makes the decay advanced. The e-folds for three sce-
narios read Ninf = 12.6, 160.8, 105.6.
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FIG. 10. Evolution of EOS wφ over time. The large dashed
(blue), the solid (orange) and the small dashed (red) lines cor-
respond to Bi = −50, 0, 50, respectively. wφ < −1/3 dur-
ing the whole inflationary stage, and wφ is approximately
equal to −1 in the deep inflationary stage. The inflation ends
when wφ = −1/3 again, then reheating starts. The interac-
tion between two-scalar fields leads to oscillation on wφ be-
fore inflation. The e-folds for three scenarios read Ninf =
12.6, 160.8, 105.6.
system has good stability.
V. CONCLUSION AND DISCUSSION
PGG as a gauge field gravitational theory is a natu-
ral extension of Einstein’s GR to the Poincare´ group. It
is worth looking forward using PGC, the cosmology of
PGG, to solve the problems in the cosmological SM, es-
On set Pre-inflation Inflation Pre-reheating
FIG. 11. The 3D phase diagram of two-scalar fields φh and
φf (over a) evolute in the potential well in the fiducial sce-
nario. The shape of potential well is determined by the values
of parameters given by (27). The initial data is given by (26)
where the initial kinetic energies (speeds) read φ˙h(tB) = 1,
φ˙f (tB) = 1.
pecially the mechanisms of inflation and late-time accel-
eration. In this work, we started from the general nine-
parameter gravitational Lagrangian of PGC, and intro-
duced the ghost- and tachyon-free conditions for this
Lagrangian. By introducing new variables {φh, φf} for
replacing the scalar and pseudo-scalar torsion {h, f}, we
found the general PGC on background is equivalent to
a gravitational system coupled to two-scalar fields with
a potential up to quartic-order. We analyzed the possi-
bility of this system producing the hybrid inflation with
first-order phase transition, and concluded that it is not
feasible. Then by choosing appropriate parameters, we
constructed a potential well from the quartic-order po-
tential, and studied the slow-roll inflation numerically.
We chose a set of fiducial values for parameters, and
investigated the effects of each parameter on this sys-
tem. All the evolution curves show that this system ex-
periences four different stages: “pre-inflation” (on set),
slow-roll inflation, “pre-reheating” (decay) and reheat-
ing. Most scenarios possess large enough e-folds which
is required by the current theories and observations.
The 3D phase diagram of two-scalar fields shows clearly
four stages of the evolution in the potential well. At last,
we studied the stableness of this system by setting large
values of initial kinetic energies (speeds). We found that
even if the system evolves past the highest point of the
potential well, the scalar fields can still return to the po-
tential well and cause inflation. In short, the numerical
analysis for this general PGC system on background in-
dicated that it is a good self-consistent candidate for the
slow-roll inflation. Further studies on the aspect of per-
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FIG. 12. The 3D phase diagram of two-scalar fields φh and φf
(over a) evolute in the potential well in the fiducial scenario
(27), but start with very large initial kinetic energies (speeds):
φ˙h(tB) = 1000, φ˙f (tB) = 500 corresponding to the thick tra-
jectory and φ˙h(tB) = 1000, φ˙f (tB) = −500 to the thin one.
The potential well looks shallower than the previous one in
FIG. 11, not because we changed the fiducial parameters, but
instead expanded the ranges of φh and φf (over a).
turbation will be our next work, especially the primor-
dial power spectrum from this system and it’s effects on
CMB. It is also worth looking forward to unify the in-
flation and the late-time acceleration under PGC in the
future.
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